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ABSTRACT the deployment of specific resistance genes in Australia.
Anderson and Buzzell (1992a) also believed that shiftsSeveral genetic maps of soybean [Glycine max (L.) Merr.] have
in the race composition of P. sojae in Ontario could bebeen developed during the past decade. Different markers have been

used to construct these maps including restriction fragment length partially explained by the host genotype deployed in
polymorphism (RFLP), amplified fragment length polymorphism the survey area. Leitz et al. (2000) reported new races
(AFLP), random amplified polymorphic DNA (RAPD), simple se- in Illinois that are virulent on Rps1-k, which is a common
quence repeat (SSR), and classical markers. However, virtually none source of resistance, and Rps1-d, which has not been
of the maps and linkage groups developed has been associated with widely used as a source of resistance. Since P. sojae was
specific soybean chromosomes. For example, there are 13 single domi- first described in 1948, more than 39 different races have
nant resistance genes at 7 different loci that control Phytophthora

been identified (Schmitthenner, 1999).sojae. These resistance genes (Rps genes) have not been located on
Various genetic maps of soybean have been developedany chromosomes, but several have been associated on classical and

by using different markers like SSRs, RFLPs, RAPDs,molecular maps. For example, the Rps1 locus is associated with molec-
AFLPs, and classical markers to construct these mapsular linkage group N. The objective of this study was to locate the

Rps1 locus on a specific soybean chromosome using primary trisomic (Akkaya et al., 1995; Cregan et al., 1999; Kasuga et al.,
analysis. Crosses were made between 10 soybean trisomic lines and 1997; Keim et al., 1997; Lark et al., 1993; Shoemaker
cv. Resnik (containing Rps1-k ). The F2 populations from trisomic and Specht, 1995). Twenty classical linkage groups have
parents were inoculated with race 3 of P. sojae to determine the ratio been identified that contain morphological, pigmenta-
of resistant to susceptible plants. Nine of the F2 populations tested tion, and disease resistance genes (Cregan et al., 1999).
segregated in a normal 3:1 ratio. The F2 population of triplo 3 segre- Several Rps genes have been located on classical genetic
gated in a 2:1 ratio, the expected segregation ratio for a single domi-

linkage groups in soybean. The Rps2 gene was shownnant gene if the gene is located on the extra chromosome, suggesting
to be linked with Rmd, which confers resistance to Mi-that the Rps1 locus is on chromosome 3. Thus, chromosome 3 corre-
crosphaera diffusa, and Rj2 the nodulation responsesponds to molecular linkage group N of the integrated genetic link-
gene in linkage group J (Devine et al., 1991; Lohnes etage map.
al., 1993; Polzin et al., 1994). The Rps1 locus has been
linked to the genes for pod wall color (Kilen, 1979) and
metribuzin insensitivity (Kilen and Barrentine, 1983)Phytophthora root rot of soybean, [Glycine max
as well as Rps7 (Anderson and Buzzell, 1992b). The(L.) Merr.], is caused by Phytophthora sojae Kauf-
linkages involving Rps1 form linkage group 10. Themann and Gerdemann. Phytophthora root rot is a prob-
Rps1 locus also has been identified to various molecu-lem in soybean growing regions in the United States
lar maps.and in other countries including Argentina, Australia,

Using RFLP markers, Diers et al. (1992) determinedBrazil, Canada, and China. In 1994, Phytophthora root
that Rps1-k is on linkage group K (Keim et al., 1990).rot ranked third in the U.S. in yield-reducing diseases
This linkage group (LG) was later designated LG-Nof soybean (Wrather et al., 1997). Phytophthora sojae
by Shoemaker and Olsen (1993). Lohnes and Schmitt-induces a soft rot and browning of the root and lower
henner (1997) were able to associate LG-22 from thestem, with an eventual collapse of tissues.
Clark � Harosoy isoline map and LG-10 of the classicalGenetic resistance is one of the most effective meth-
map with LG-N of the public RFLP map. Kasuga et al.ods of controlling Phytophthora root rot. The major
(1997) used RAPD and AFLP analyses to create a ge-sources of resistance are a series of single dominant Rps
netic map of the region containing Rps1-k. Classicalgenes (Schmitthenner, 1999). There are 13 Rps genes at
linkage group 10 containing Rps1-k has been associatedseven different loci that provide race-specific resistance
with linkage group N-U06 from the University of Utah(Schmitthenner, 1999). Of these genes, five occur at the
(Minsoy � Noir 1) map, linkage group N-ISU from theRps1 locus including Rps1-k, which was first identified
USDA/Iowa State University (G. max � G. soja) mapfrom the cultivar Kingwa (Bernard and Cremeens, 1981).
and linkage group N-CH22 from the University of Ne-Since it was first identified, Rps1-k has become one
braska (Clark � Harosoy) map. In soybean, the geneticof the most predominant resistance genes in modern
linkage map as well as the molecular based maps havesoybean cultivars. Often the use of single dominant re-
not been associated with specific soybean chromosomes.sistance genes creates selection pressure within the patho-
In other major crop plants these classical and moleculargen population. Ryley et al. (1998) found that changes
maps have been superimposed on their respective chro-in the race structure of the P. sojae population followed
mosome maps.
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Table 1. Segregation ratios and Chi-square values of trisomic F2 were first inoculated with race 3 of P. sojae to determine their
soybean populations segregating for Rps1-k. reaction and verify their susceptibility to this race. Cultivar

Clark 63 (contains Rps1-a), which is the recurrent parent forNo. of No. of Chi-square
Total no. plants plants Theoretical the trisomic lines, was used as the susceptible check and cv.

Trisomic† of plants alive dead ratio Value Prob. Resnik (contains Rps1-k) as the resistant check. Race 3 of P.
sojae was used because it is virulent on Rps1-a and avirulentTriplo 1* 257 189 68 3:1 0.29 0.59

Triplo 2* 372 272 100 3:1 0.7 0.40 on Rps1-k. Soybean seeds were planted in 10-cm-deep flats
Triplo 3 217 136 81 3:1 17.59 �0.01 containing a 1:1 mix of steam-pasteurized soil and sand. Nine
Triplo 3 217 136 81 2:1 1.56 0.21 entries were planted in each tray with five seeds per entry.Triplo 4 58 47 11 3:1 1.13 0.29

Seedlings were grown for 10 to 12 d in a greenhouse with aTriplo 5* 468 347 121 3:1 0.18 0.67
Triplo 10 149 106 43 3:1 1.18 0.28 photoperiod of 16 h and watered daily.
Triplo 15 241 175 66 3:1 0.73 0.39 Seedlings were inoculated by the hypocotyl plug method
Triplo 16* 233 181 52 3:1 0.89 0.34 (Pazdernik et al., 1997). Phytophthora sojae isolates wereTriplo 17 284 208 76 3:1 0.47 0.49

grown on lima bean agar for 10 to 12 d. A cork borer wasTriplo 20 104 85 19 3:1 2.51 0.11
used to cut 3-mm-diameter plugs along the leading edge of

† Asterisk (*) indicates combined analysis of seeds harvested from two the colonies. Plugs were placed mycelial side down on theplants that show no heterogeneity.
cotyledon, touching the stem. One P. sojae culture was used
per tray. The trays and the inside of the clear plastic domes

as Rps1-k, that are found in both classical linkage and were misted with water from an atomizer. The domed trays
were placed under black shade cloth (80% light reduction)molecular maps. Determining the chromosomal loca-
for 4 d. The environment during the incubation period aver-tion of genes can be accomplished through primary tri-
aged 25�C and 95% humidity. At the end of 4 d domes weresomic analysis. A primary trisomic has one additional
removed. Trays remained under the shade cloth for an addi-complete chromosome, altering its chromosome num-
tional 2 d. Reactions of each entry were recorded 6 d afterber from 2n � 2x to 2n � 2x � 1. Such an individual
inoculation. Resistance was determined on the basis of per-is called a triplo (Singh, 1993). Primary trisomics can centage survival per entry.

be used to locate a gene on a particular chromosome, Trisomic plants used for crossing were first identified by
verify the independence of linkage groups, and associate determining their chromosome number from root tip samples.
linkage groups with individual chromosomes. This The procedure used is as described by Xu et al. (1998b). Five
method has been used to determine gene-chromosome seeds from each line were grown in vermiculite for 5 to 7 d.

Seedlings were harvested, 1-cm samples were taken fromrelationships in several plant species (Singh, 1993). The
young roots and collected in 1.5 mL microcentrifuge tubeschromosomal location of a specific locus can be deter-
containing double distilled water. After the samples weremined by the altered segregation ratios in the F2 off-
taken, seedlings were replaced in the vermiculite.spring of trisomics. In these offspring, genetic ratios

The water was removed from the tubes and root tips werewill be modified from the expected 3:1 F2 ratio for a
pretreated in 0.05% 8-hydroxyquinoline for 5 h at 16�C in adominant gene. The new ratio is dependent on the geno- Micro Cooler to arrest the chromosome metaphase cells. Root

types of the F1 primary trisomic plants, on the type of tips were then fixed in a 3:1 mixture of 95% ethanol and
chromosome segregation, and on the female transmis- propionic acid and left overnight at room temperature. The
sion rate of the extra chromosome (Singh, 1993). The fixative was removed from the tubes and samples were then
average female tansmission rate of the 20 primary soy- washed twice with double distilled water. Root tips were hy-

drolyzed in 1N HCL at 60�C for 16 min. To stain the chromo-bean trisomics was 42% with a range of 27 (triplo 20)
somes, root tips were first washed once with double distilledto 59% (triplo 9) (Xu et al., 2000). The pollen transmis-
water and then placed in Feulgen stain at room temperaturesion of the extra chromosome is very low due to the
for 2 h. The Feulgen stain was then removed and root tipsinability of pollen with (n � 1) chromosomes to compete
were rinsed with cold double distilled water (1 to 4�C). Afterwith pollen with n chromosomes.
two rinses, Carbol staining solution was added to the samples.An integrated soybean genome map would be benefi- Root tips were left in this solution overnight at 1 to 4�C. After

cial to scientists and breeders. Such a map would have 14 to 16 h, the staining solution was removed and the root
applications in functional genomics and marker assisted tips were washed 3 to 4 times with cold double distilled water
breeding. Identifying the placement of the Rps1-k gene to remove any residual stain. Root tips were then stored in
on the soybean physical map will create a more complete cold water in the refrigerator until needed. To prepare slides,
view of the soybean genome by also associating molecu- root tips were squashed in a drop of 45% acetic acid.

Seedlings that were identified as having 41 chromosomeslar and classical linkage groups that contain the Rps1-k
were then transplanted to clay pots in a 1:1:1 mixture of sand,locus. The objective of this study was to locate the Rps1
soil, and perlite. Plants were grown in the greenhouse andlocus on a specific soybean chromosome using primary
crosses were made between the trisomic female (rrr) and cv.trisomic analysis.
Resnik male (Rr). F1 seeds were harvested from crosses and
planted in vermiculite. Chromosome numbers of the F1 plantsMATERIALS AND METHODS were determined in the same manner as described above.
Plants identified having 41 chromosomes (Rrr) were grownThe complete set of twenty primary trisomics for soybean
in the greenhouse and allowed to self-pollinate.(2n � 40 � 1) were provided by T. Hymowitz, Dep. of Crop

F2 seeds were harvested and planted in 10-cm-deep flatsSciences, University of Illinois. Primary trisomics had been
containing a 1:1 mix of steam-pasturized soil and sand. All ofidentified from diverse backgrounds using pachytene chromo-
the trays contained five seeds each of cv. Clark 63 and cv.some analysis and backcrossed into cv. Clark 63 background
Resnik for use as a susceptible check and a resistant check,(Ahmad and Hymowitz, 1993; Ahmad et al., 1992; Singh and

Hymowitz, 1990; Xu et al., 1998a, 2000). The trisomic lines respectively. In each tray approximately 45 F2 seeds from the



HARTMAN ET AL.: PHYSICAL MAP LOCATION OF THE RPS1-K ALLELE IN SOYBEAN 1437

Ahmad, F., R.J. Singh, and T. Hymowitz. 1992. Cytological evidencetrisomic � cv. Resnik crosses were planted. All seeds from
for four new primary trisomics in soybean. J. Hered. 83:221–224.each individual cross were kept separate and planted in sepa-

Akkaya, M.S., R.C. Shoemaker, J.E. Specht, A.A. Bhagwat, and P.B.rate trays. The inoculation method used was the same as de-
Cregan. 1995. Integration of simple sequence repeat DNA markersscribed above. A chi square goodness-of-fit test was performed
into a soybean linkage map. Crop Sci. 35:1439–1445.on each F2 population with the Statistical Analysis System Anderson, T.R., and R.I. Buzzell. 1992a. Diversity and frequency of

(SAS Institute, 1992). races of Phytophthora megasperma f. sp. glycinea in soybean fields
in Essex County, Ontario, 1980–1989. Plant Dis. 76:587–589.

Anderson, T.R., and R.I. Buzzell. 1992b. Inheritance and linkage ofRESULTS AND DISCUSSION
the Rps7 gene for resistance to Phytophthora rot of soybean. Plant

All twenty trisomic lines were susceptible when inocu- Dis. 76:958–959.
Bernard, R.L., and C.R. Cremeens. 1981. An allele at the Rps1 locuslated with race 3 of P. sojae. Crosses were made with

from the variety Kingwa. Soybean Genet. Newsl. 8:40–42.10 of the possible 20 trisomic lines. At the onset of this
Cregan, P.B., T. Jarvik, A.L. Bush, R.C. Shoemaker, K.G. Lark, A.L.project no information was available to indicate the Kahler, N. Kaya, T.T. VanToai, D.G. Lohnes, J. Chung, and J.E.

chromosome location of Rps1-k, thus half of the trisomic Specht. 1999. An integrated genetic linkage map of the soybean
genome. Crop Sci. 39:1464–1490.lines were chosen at random to cross. Crosses were

Devine, T.E., T.C. Kilen, and J.J. O’Neill. 1991. Genetic linkage ofmade with triplos 1, 2, 3, 4, 5, 10, 15, 16, 17, and 20.
the Phytophthora resistance gene Rps2 and the nodulation responseThe average survival of cv. Resnik (resistant check)
gene Rj2 in soybean. Crop Sci. 31:713–715.

was 94% and the average survival of cv. Clark 63 (sus- Diers, B.W., L. Mansur, J. Imsande, and R.C. Shoemaker. 1992. Map-
ceptible check) was 5%. The F2 populations from triplos ping Phytophthora resistance loci in soybean with restriction frag-

ment length polymorphism markers. Crop Sci. 32:377–383.1, 2, 4, 5, 10, 15, 16, 17, and 20 fit the expected 3:1
Kasuga, T., S.S. Salimath, J. Shi, M. Gijzen, R.I. Buzzell, and M.K.segregation ratio for a single dominant gene (Table 1).

Battacharyya. 1997. High resolution genetic mapping and physicalThe F2 population from triplo 3 did not fit this ratio. mapping of the molecular markers linked to the Phytophthora
This population segregated in a 2:1 ratio, which is based resistance gene Rps1-k in soybean. Mol. Plant. Microb. Inter.
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Keim, P., B.W. Diers, T.C. Olson, and R.C. Shoemaker. 1990. RFLPan extra chromosome from the F1’s with simplex (Aaa)
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in quantitative traits. Genetics 126:735–742.To determine the difference between a 3:1 and a 2:1 Keim, P., J.M. Schupp, S.E. Travis, K. Clayton, T. Zhu, L. Shi, A.
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tophthora resistance gene Rps7 on the soybean molecular map.All but one of these linkage groups has been associated
Crop Sci. 37:555–556.with a molecular linkage group (Cregan et al., 1999).
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Genetic Analysis of Seedling Growth under Cold Temperature
Stress in Grain Sorghum

Jianming Yu and Mitchell R. Tuinstra*

ABSTRACT vigor under early planting conditions. However, little is
known about the expression or inheritance of thesePlanting of grain sorghum [Sorghum bicolor (L.) Moench] earlier
traits in sorghum. The objective of this study was toin the season should contribute to a longer growing season and more

effective utilization of late spring and early summer rainfall, but early evaluate combining ability for seedling growth charac-
planting is hindered by poor seedling vigor under cold temperature teristics under cold temperature conditions in geneti-
conditions. Sources of cold tolerance have been identified, but little cally diverse sorghum lines.
is known about the inheritance of this trait. This study was conducted
to determine combining ability for seedling growth characteristics under MATERIALS AND METHODScold temperature conditions in genetically diverse sorghum lines using
a Design-II mating scheme. Parental lines and hybrids were evaluated The hybrids used in this study were developed by inter-
under early and normal planting conditions in the field. The traits crossing four common sorghum seed-parent lines, ‘Wheat-
measured included emergence, emergence index, leaf number, vigor, land’, SA3042, ‘Redlan’, and TxARG-1, with five diverse polli-
and dry weight. Significant differences were observed among entries. nator lines, Tx2737, Tx435, P954063, IS4225, and ‘ShanQuiRed’
Among hybrids, these differences were primarily due to effects of (SQR), using a Design II mating scheme (Comstock and Rob-
general combining ability. These results indicate that general combin- inson, 1952). Seed for all entries was produced in a winter
ing ability is more important than specific combining ability in breed- nursery in Puerto Rico.
ing for seedling vigor in sorghum. Heterosis had favorable effects on Parent lines and F1 hybrids were evaluated for seedling
all seedling traits measured. growth traits under early and normal planting conditions at

experiment field sites in Manhattan, KS, on a Eudora-Muir
soil type and Hesston, KS, on a Ladysmith-Goessel soil type
in 1999 and 2000 (Table 1). Each experiment was conductedIn recent years, farmers and agronomists have em-
using a randomized complete block design with four replica-phasized earlier planting dates for grain sorghum.
tions. Entries were grown in single-row plots (5.08m � 0.76m),Early planting should contribute to a longer growing
and 75 seeds were planted per row. Seeds for each entry wereseason, more effective utilization of late spring and early treated with N-trichloromethylthio-4-cyclohexene-1,2-dicar-

summer rainfall, and enhanced yield potential. Sorghum boximide (Captan) fungicide at the label rate.
originated in the semi-arid tropics and expresses excel- Seedling dry weight (above ground), leaf number, emer-
lent heat and drought stress tolerance, but generally is gence, emergence index, and vigor score were measured to
susceptible to cold stress and often expresses poor early- evaluate differences in seedling growth. Stand counts were
season vigor. Therefore, sorghum germplasm with im- recorded every other day after planting until no more seedlings

emerged. Emergence index, a measurement of rate of emer-proved cold tolerance will need to be developed to har-
gence, was calculated as described by Smith and Millett (1964)ness these potential benefits of early planting.
using the formula:Crop production also has shifted from conventional

tillage to minimum tillage and no-till strategies. These Emergence Index � � (Ej � Dj)/E
conditions generally result in a decreased soil tempera-

where Ej � emergence on day j, Dj � days after planting, andture at planting, because the crop residue insulates the
E � final stand. Final stand counts were taken at 30 d aftersoil and reflects solar radiation (Wall and Stobbe, 1983).
planting. Ten random plants were harvested (above groundConsequently, cultivars with vigorous early growth also
only) from each plot at 30 d after planting and were used toare required to maximize the potential of early planting measure the number of fully expanded leaves and to calculate

in these environments. seedling dry weight. Twenty-five days after planting, vigor
Sources of cold tolerance have been identified in sor- scores from 1 to 5 (1 � excellent; 5 � poor) were assigned

ghum (Soujeole and Miller, 1984; Nordquist, 1971; Singh, to each plot as described by Maiti (1996).
1985). Genetic variability for cold tolerance is expressed Analyses of variance and combining ability were carried

out per established methods (Hallauer and Miranda, 1988;as variations in germination, emergence, and seedling
McIntosh, 1983) using the PROC GLM procedure of the SAS
Statistics package (SAS, 1989). Several traits required trans-

Dep. of Agronomy, Kansas State Univ., Manhattan, KS 66506. Contri- formation to improve the homogeneity of the error variance.bution No. 01-88-J from the Kansas Agric. Exp. Stn. Received 5 Sept.
Data for emergence were transformed by arcsine transforma-2000. *Corresponding author (mtuinstra@bear.agron.ksu.edu).
tion (Little and Hills, 1978). Data for seedling dry weight were
transformed by log10 (mg) logarithmic transformation (MenkirPublished in Crop Sci. 41:1438–1443 (2001).


